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ABSTRACT

This dissertation proposes two new high-voltage-gain dc-dc converters for
integration of renewable energy sources in 380/400V dc distribution systems. The first
high-voltage-gain converter is based on a modified Dickson charge pump voltage
multiplier circuit. The second high-voltage-gain converter is based on a non-inverting
diode-capacitor voltage multiplier cell. Both the proposed converters offer continuous
input current and low voltage stress on switches which make them appealing for
applications like integration of renewable energy sources. The proposed converters are
capable for drawing power from a single source or two sources while having continuous
input current in both cases. Theoretical analysis of the operation of the proposed
converters and the component stresses are discussed with supporting simulation and
hardware results. This dissertation also proposes a family of high-voltage-gain dc-dc
converters that are based on a generalized structure. The two stage general structure
consists of a two-phase interleaved (TPI) boost stage and a voltage multiplier (VM) stage.
The TPI boost stage results in a classification of the family of converters into non-
isolated and isolated converters. A few possible VM stages are discussed. The voltage
gain derivations of the TPI boost stages and VM stages are presented in detail. An
example converter is discussed with supporting hardware results to verify the general
structure. The proposed family of converters can be powered using single source or two
sources while having continuous input current in both cases. These high voltage gain dc-
dc converters are modular and scalable; making them ideal for harnessing energy from

various renewable sources offering power at different levels.
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1.INTRODUCTION

1.1. HIGH-VOLTAGE-GAIN DC-DC CONVERTER APPLICATIONS

In the past, high-voltage-gain dc-dc power electronic converters were mainly used
for powering HID lamps in automotive headlamps and integrating battery banks onto the
high voltage dc bus of UPS’s [1, 2]. However, over the last decade, they have been
gaining popularity for integration of renewable energy sources [3-7]. Applications like dc
distribution systems [8, 9], dc microgrids [10, 11], solid state transformer (SST) [12, 13],
and grid-tied inverter systems [14] include a dc bus usually at a voltage of 400V.
Renewable sources such as solar panels, fuel cells, etc., typically output power in the
voltage range of 20V to 45V. High-voltage-gain dc-dc converters make it feasible for
connecting such sources to the high voltage bus by boosting the low voltage from the
sources to higher voltages.

One of the most recently growing applications is dc distribution systems at 400V
[8, 9]. Such systems have been gaining more and more popularity for telecom, data
centers, and commercial buildings due to its various benefits. It offers better efficiency,
higher reliability at an improved power quality, and low cost compared to the ac
distribution systems. The best of all, they offer simpler integration of renewable energy
and energy storage. As of now, based on various different studies, 400V dc is being
recognized as the optimal voltage level for dc distribution systems. One of the challenges
with such systems would be the integration of different renewable sources and energy
storage devices. A high-voltage-gain dc-dc converter would be the best solution for

integrating low voltage renewable energy sources onto the 400V dc bus.



1.2. REVIEW OF EXISTING TOPOLOGIES

Conventional boost (see Figure. 1.1) and buck-boost converters (see Figure. 1.2)
are the first choices of anyone who is trying to achieve higher output voltages compared
to the input. The output voltages of the boost and buck-boost converters are given using

(1.1) and (1.2) respectively.
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Figure. 1.1. Conventional boost converter
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Figure. 1.2. Conventional buck-boost converter
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From (1.1) and (1.2), it is observed that boost and buck-boost converters require higher
duty cycles to achieve higher voltages. Higher duty cycles imply large input currents.
They would increase the conduction losses in the switching MOSFET. Therefore, the
converter efficiency is reduced. The peak blocking voltage of the MOSFET is equal to
the output voltage. Also, due to high output voltage and large pulse currents, there is a
serious reverse recovery problem in the diode of both converters. To summarize, the
losses in the parasitics, high voltage stress on switch, and serious reverse recovery
problem of the diode make the boost and buck-boost converters unsuitable for use as high
voltage gain converters.

The next obvious choice would be conventional isolated converters such as
forward, flyback, half-bridge, full-bridge, and push-pull converters. The voltage gain of
these converters is dependent on the turns ratio of the transformer or coupled inductors.
Therefore, these converters can achieve high voltage gains by using larger turns ratio on
their transformers or coupled inductors. However, these converters draw discontinuous
input current making them ill-suited for renewable energy applications such as solar.
They would require large input filter capacitors to be able to operate with renewable
sources like solar. Also, the leakage inductance in these converters leads to increased
voltage spikes on its switches. Therefore, clamping circuits required to protect the
switches make the system design complicated. With conventional non-isolated and
isolated converters failing in one way or the other, new high-voltage-gain dc-dc
converters have been sought for.

Many non-isolated and isolated high-voltage-gain dc-dc converters have been

proposed in literature for the integration of renewable energy sources and energy storage



devices. The boost converters output voltage was extended using tapped inductors (see
Figure. 1.3). Tapped inductor boost [15] uses an approach similar to flyback converter
where the voltage gain of the converter can be increased by changing the duty ratio and
the turn’s ratio of the tapped inductor. The voltage gain of a tapped inductor boost

converter is given as

== 42— (L.3)

The voltage gain was increased compared to a conventional boost. However, its
drawback was the discontinuity in input current which made it unsuitable for applications

using solar panels.

+
Vin_—: S E} Cout = R gvout

Figure. 1.3. Tapped inductor boost converter

Later, interleaved boost converters were modified using coupled inductors to
achieve further higher gains. A two phase interleaved boost using coupled inductors [16]
is shown in Figure. 1.4. The voltage gain of the converter is calculated using (1.4). The
additional boost in the output voltage is achieved using the coupled inductors. In this
case, the input current is continuous with smaller ripple owing to the interleaved

operation of the two boost phases.
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Figure. 1.4. Interleaved boost converter using coupled inductors
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In an attempt to further increase the output voltage, voltage multiplier cells were used in
conjunction with the coupled inductor interleaved boost. This enabled to achieve further
higher boost while maintaining continuity in input current. An interleaved boost with
voltage multiplier cell [17] is shown in Figure. 1.5. The voltage gain of this converter is

given as

V., (2N, 1
out 1 15



Voltage Multiplier Cell
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Figure. 1.5. Interleaved boost converter with voltage multiplier cell

Many more high-voltage-gain dc-dc converters have been explored over the last decade.
Most of these high-voltage-gain converters use a boost stage in combination with voltage
multiplier circuits. In some, a multi-phase interleaved boost stage is involved to achieve
even higher voltage gains. The boost circuit or voltage multiplier circuit in some
converters involves either a coupled inductor or a transformer or both to achieve further
high voltage gains.

A classification of non-isolated boost-based dc-dc converters has been presented
in [18]. The step-up topologies with wide conversion ratio have been mainly classified
into five types. They are - (1). Cascaded boost converters, (2). Coupled-inductor based
boost converters, (3). Switched-capacitor based boost converters, (4). Interleaved boost
converters and (5). Three-state switching cell (3-SSC) based converters. This

classification gives a better picture on how most of the high-voltage-gain dc-dc



converters are built. The main features that a high-voltage-gain dc-dc converter has to
offer for use in renewable energy applications are high voltage gain, high efficiency,
continuous input current, and low device stress. Most converters can only offer a few of

these features making them less appealing for such applications.

1.3. RESEARCH CONTRIBUTION

In this dissertation, Papers | and Il introduce two new non-isolated high-voltage-
gain dc-dc converters. The proposed converter in Paper | is based on a modified Dickson
charge pump voltage multiplier circuit. This converter is capable of integrating a voltage
source as low as 20V to a 400V dc bus. The major contribution of this converter is its
lower voltage ratings on its voltage multiplier circuit capacitors which potentially reduces
the size and cost of the converter. The converter proposed in Paper Il is based on a non-
inverting diode-capacitor voltage multiplier circuit. It offers a high-voltage-gain while
having a simple structure with low component count. Both these converters can be
powered using two different sources or a single source in an interleaved manner. They
offer continuous input current with smaller ripple making them ideal for different power
sources like solar panels and batteries. They also offer low voltage stress on their
semiconductor devices in comparison to their output voltage. Different modes of
operation have been explained. The output voltage and component stress for the two
converters have been derived. The theoretical analysis carried out is verified using
supporting simulation and experimental results.

Finally, in Paper Ill, a family of high-voltage-gain dc-dc converters based on a

generalized structure is proposed. The generalized structure has two stages — a two-phase



interleaved (TPI) boost stage on the input side and a voltage multiplier (VM) stage on the
output side. The intermediate voltage between the two stages forms the key to the
generalized structure. The proposed family of converters is classified into both non-
isolated and isolated topologies based on the TPI boost stage used. The isolation in the
converters is achieved using either coupled-inductors or a transformer. There are six
different TPI boost stages that could be used as the first stage. This way one is able to
build six different topologies using a single VM stage. Therefore, with ‘N’ different
voltage multiplier cells, we can achieve a total of ‘6N’ converter topologies under this
family of converters. With the TPI boost stage on the input side, the proposed family of
converters is capable of drawing power from two sources or a single source in interleaved
manner. The continuity in input current is possible in all the converters operating with a
single source; making them suitable for sources like solar panels and batteries. An
example converter is built, analyzed using the proposed generalized structure.
Experimental results are provided to support the analysis of the theoretical converter. The
proposed family of converters paves the way to direct integration of renewable resources
in low voltage (400V) dc systems. These converters are highly scalable, modular, and

offer plug and play feature.



PAPER

. AHIGH-VOLTAGE-GAIN DC-DC CONVERTER BASED ON MODIFIED
DICKSON CHARGE PUMP VOLTAGE MULTIPLIER

Abstract — A high-voltage-gain dc-dc converter is introduced in this paper. The
proposed converter resembles a two-phase interleaved boost converter on its input side
while having a Dickson charge pump based voltage multiplier on its output side. This
converter offers continuous input current which makes it more appealing for the
integration of renewable sources like solar panels to a 400-V dc bus. Also, the proposed
converter is capable of drawing power from either a single source or two independent
sources. Furthermore, the voltage multiplier used offers low voltage ratings for capacitors
which potentially leads to size reduction. The converter design and component selection
has been discussed in detail with supporting simulation results. A hardware prototype of
the proposed converter with Vi,=20V and V=400V has been developed to validate the

analytical results.

I. INTRODUCTION
Distribution systems at 400-V dc have been gaining popularity as they offer better
efficiency, higher reliability at an improved power quality, and low cost compared to ac
distribution systems [1-4]. They offer a simpler integration of renewable energy and
energy storage systems. Currently, telecom centers, data centers, commercial buildings,
residential buildings, and microgrids are among the emerging examples of dc distribution

systems [5-7]. One of the challenges facing such systems is the power electronic
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converters for integrating renewable sources into the 400-V dc bus. A typical voltage
range for solar panels is between 20V dc to 40V dc. Stepping up these voltages to 400-V
dc using classic boost and buck-boost converters requires high duty ratios which results
in high component stress and lower efficiency. Therefore, a typical choice would be
using two cascaded converters; which results in inefficient operation, reduced reliability,
increased size, and stability issues. Isolated topologies like flyback, forward, half-bridge,
full-bridge, and push-pull converters have discontinuous input currents and hence would
require large input capacitors.

High-voltage-gain dc-dc converters using a boost stage followed by voltage
multiplier (VM) cells have been proposed in [8-11]. The second order hybrid boosting
converter proposed in [8] offers relatively low voltage gain in comparison to its voltage
multiplier component count. It also has a very large input current ripple in proportion to
its average. High step-up converters using single-inductor-energy-storage-cell-based
switched capacitors proposed in [9] do not offer voltage gains high enough to boost a
20V input to 400V at an reasonable switching duty cycle. The multiple-inductor-energy-
storage-cell-based switched capacitor based high voltage converters [9] offer a relatively
low voltage gain in proportion to its component count. The switched-capacitor-based
active-network converter proposed in [10] has a discontinuous input current ripple due to
the series and parallel connection of the inductors in its two modes of operation. The
transformer-less high-gain boost converter proposed in [11] offers continuous input
current but the switches experience a high voltage stress — more than 2/3" of its output

voltage.
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High-voltage-gain dc-dc converters using coupled inductors and high frequency
transformers have been proposed for the integration of solar panels to 400V dc bus [12-
18]. In such converters, the design of high frequency transformers and coupled inductors
is complicated as the leakage inductance increases when higher voltage gains are
intended. As a result, the converter switches experience large voltage spikes and therefore
would require clamping circuitry to reduce the voltage stress on the switches. These
clamping circuits have a negative effect on the converter voltage gains. A family of non-
isolated high-voltage-gain dc-dc converters that makes use of VM cells derived from the
Dickson charge pump (see Fig. 1) has been proposed in [19]. The voltage rating of each
VM cell capacitor is twice that of its previous VM cell. Also, the inductors (L;, L,) and
switches (S1, Sy) experience different current stresses whenever even number of VM cells

is used.

1st 2nd 3rd 4th
L, Stage Stage Stage Stage

S C,= Ci=
Dl D2 D3 D4 Dout

LYYy Cout= Vout [] R

Fig. 1. High-voltage-gain dc-dc converter using Dickson charge pump
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A high-voltage-gain dc-dc converter based on the modified Dickson charge pump
voltage multiplier circuit is introduced in this paper. This converter is capable of stepping
up voltages as low as 20V to 400V. The proposed converter offers continuous input
current and low voltage stress (1/4™ of its output voltage) on its switches. This converter
can draw power from a single source or two independent sources while having
continuous input currents, which makes it suitable for applications like solar panels.
Compared to the topology presented in [19], the proposed converter requires lower
voltage rating capacitors for its VM circuit and also one less diode. The inductors and
switches experience identical current stresses making the component selection process for
the converter simpler.

In section Il, the modified Dickson charge pump voltage multiplier circuit has
been discussed. Section Il introduces the proposed high-voltage-gain topology and
explains its modes of operations. The voltage gain of the proposed converter has been
derived in section IV. Section V analyzes the component stress and provides supporting
simulation results. Section VI discusses the experimental results obtained using the
hardware prototype. A comparative analysis of the proposed converter and the high-
voltage-gain converter shown in Fig. 1 has been discussed in section VII. Finally, section

V111 concludes the paper.

Il. MODIFIED DICKSON CHARGE PUMP VOLTAGE MULTIPLIER
The Dickson charge pump voltage multiplier circuit [20] shown in Fig. 2a offers a
boosted dc output voltage by charging and discharging its capacitors. The input voltage

(Vag) is an modified square wave (MSW) voltage. The voltages of the capacitors in the
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Dickson charge pump double at each stage as one traverses from the input side capacitor
C; to the load side capacitor C4. For an output voltage of V,,: = 400V, the voltages of

capacitors C4, Cy, Cs, and C4 are 80V, 160V, 240V, and 320V respectively.

A
Co== Ci=
D D D D D
V 1 2 3 4 out
ABP |‘| |" >t >t >t >t
+
Ci= Cs= Cost=F Vou||R
. B}
-
@) Dickson charge pump

>

g
Il
Ll
O

IN
11
|

v D, D, D; Dout
AB bt bt g bt

Ci= Cy=

Cout= Vout||R

i+

(b) Modified Dickson charge pump

Fig. 2. Conventional and modified Dickson charge pump voltage multiplier circuits

The authors propose to make a slight modification to the Dickson charge pump

circuit as shown in Fig. 2b. For a same output voltage, the voltages of all the capacitors in
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the modified Dickson charge pump are smaller than the voltage of capacitor C, in the
Dickson charge pump. For an output voltage of Vo, = 400V, the voltages of capacitors
Ci, Cy, Cs, and C4 are only 150V, 50V, 50V, and 150V, respectively Therefore the
volume of the capacitors used in the proposed modified Dickson charge pump voltage

multiplier circuit is potentially less compared to the Dickson charge pump.

I1l. TOPOLOGY AND MODES OF OPERATION

The proposed converter provides a high voltage gain using the modified Dickson
charge pump voltage multiplier circuit (see Fig. 3). On a closer look, it can be seen that
the converter is made up of two stages. The first stage is a two-phase interleaved boost
converter which outputs an MSW voltage between its output terminals A and B. The
second stage is the modified Dickson chare pump voltage multiplier circuit that boosts
the MSW voltage (Vag) to provide a higher dc output voltage. The gating signals of the
two interleaved boost stage switches S; and S, are shown in Fig. 4. For the proposed
converter to operate normally, both switches S; and S, must have an overlap time where
both are ON and also one of the switches must be ON at any point of time. This can be
achieved by using duty ratios of greater than 50% for both the switches and having them
operate at 180 degrees out of phase from each other. As can be seen from Fig. 4, such

gate signals lead to three different modes of operation which are explained as follows.
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Cout== Vout [] R

Fig. 3. Proposed high-voltage-gain dc-dc converter

. Mode-I : Mode-Il : Mode-l : Mode-III :
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Fig. 4. Input boost converter switching signals for the proposed converter

A. Mode |
In this mode, both switches S; and S, of the two-phase interleaved boost converter

are ON (see Fig. 5). Input sources Vin1 and Vin, charge inductors L; and L, respectively.
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Inductor currents i_; and i, both increase linearly. All the diodes of the voltage multiplier
circuit are reverse-biased and hence OFF. The voltages of the multiplier capacitors
remain same and the output diode Doy is reverse biased. Therefore, the load is supplied

by the output capacitor.

A
" —
Cp =i Ve CsuVes
_ +
D, | Do Ds Do
ot s ot ot e
- +
Cymm Ve C3 = Vs +
B * - Cou T Vour IR

Fig. 5. Proposed converter operation in mode-I

B. Mode Il

In this mode, switch S; is OFF and switch S, is ON. Diodes D; and D3 are OFF as
they are reverse biased while diodes D, and D, are ON as they are forward biased (see
Fig. 6). A part of inductor current i ; flows through capacitors C, and C3z and thereby
charging them. The remaining current flows through the capacitors C4 and C; discharging

them to charge the output capacitor C,; and supply the load.



17

+ Vi — A
— ®
Loy . } N iy
A _ +
D1 D> D3 Dout
-— N o s
3_ - +
SZ Cl = VCl C3 ——VC3 +
Vin2 + 1
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IL2
Fig. 6. Proposed converter operation in mode-I1
C. Mode Il

In this mode switch S; is ON and switch S; is OFF (see Fig. 7). Diodes D; and D3
are ON as they are forward biased while diodes D, and D, are OFF as they are reverse
biased. Inductor current i, flows through diode-capacitor voltage multiplier cell
capacitors C;, C,, C3 and C,4. Capacitors C; and C, are charged while discharging

capacitors C, and Cgs. In this mode, the output capacitor supplies the load.
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Fig. 7. Proposed converter operation in mode-I11

IV.VOLTAGE GAIN OF THE CONVERTER

In the proposed converter, the input power is transferred to the output by charging
and discharging the voltage multiplier circuit capacitors. For an ideal converter shown in
Fig. 3, the voltage gain of the converter can be derived as described below. For inductors
L, and L,, the average voltage across the inductors according to volt-second balance can

be written as

<VL1> = <V|_2> =0 1)

From Fig. 6, based on the volt-second balance of inductor L3, one can write

VAN :ch +V03 :Vout _Vc1 _Vc4 =

(a—d,) @)

where d; is the duty cycle of switch S;. From Fig. 7, based on the volt-second balance of

the inductor L,, one can write
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Ven =Vc1 _ch :Vc4 _Vca = (3)

Assuming capacitors C, and Cs are identical, the voltage across them would be

equal and can be written as

1 V.
V..=V.. == inl

c2 = Ves =5 X 1—d,) (4)

By substituting (4) in (3), one can derive capacitor voltages V¢ and Vg to be

1 V. V.
V. =V. == inl + in2
=T ad) Ty ©)
Finally, the output voltage is derived by substituting (5) in (2) which yields

_ 2xViy + 2xVin, ©)

T (-d)  (1-dy)

The proposed converter can be supplied from two inputs (see Fig. 3) as well as
using only one input source. When a single input is used for the proposed converter,
switches S; and S; have the same switching duty cycle ‘d’ and are 180 degrees out of
phase from each other. The proposed converter with single source is shown in Fig. 8. The
multiplier circuit capacitor voltages and the output voltage are simplified as shown

below.

Veo =Ves :Exﬁ (7)
3 Vin
V01 :Vc4 :EX 1-d) (8)
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_AxV,, 9
out — (1—d) ( )

A 20-V input source at 80% switching duty cycle will generate an output voltage
of 400V using the proposed converter in Fig. 8. Capacitors C; and C4 are charged to

150V and capacitors C, and C; are charged to 50V.

Ly
N .
+ -
—
S1 ":} C,== Ci=
_ +
Vin D, D, Ds Dout
—¢ >—¢N — >
- +
{E‘:I?z Ci= Cy;= +
L, B + B Cout= Vout||R
2228 . -

L

Fig. 8. Proposed converter with single input source

V. COMPONENT STRESS AND SIMULATION RESULTS
This section discusses the voltage and current stresses observed by different
components and also provide simulation waveforms during steady-state operation of the
proposed converter. The discussions in this section are based on the topology shown in
Fig. 8, i.e., using a single voltage source to power the converter while operating both

switches S; and S, of the two-phase interleaved boost stage at a fixed duty cycle d.
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A simulation model of the proposed converter has been built in PLECS blockset

of MATLAB. The parameters used in the simulation are given in Table I.

Table I. Simulation parameters

Parameter Value

Input Voltage 20V

Output Voltage 400 V

Load Resistance 800 Q

Duty cycle of switches S;and S; 80% or 0.8

Switching Frequency - fgy 100 kHz
Boost Inductors L; and L, 100 pH

VM capacitors 60 pF

Output Capacitor 22 uF

A. Inductor
The inductor currents in both phases of the interleaved boost stages are similar.
The average inductor currents can be calculated using (10). The rms value of the inductor

currents used in the calculation of inductor copper losses can be calculated as shown in

(12).

_ 2x Iout 10
L2,avg (1—d) ( )

2
2x1_ .\’ Vip xd
L, =1, = . H
Lirms — | L2,rms \/( 1—d j (2\/§x foSW} o

Ll,avg =
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The inductance required for a current ripple of Al is given by

_V, xd(1-d)

L =L=
L 2 4x Al xf,

(12)

From (10), (11), and (12), it is observed that both the inductors carry same
amount of current and require same inductance for an assumed current ripple. Therefore,
a similar inductor can be used for both L; and L,. Moreover as the rms currents of
inductors L; and L, are equal, minimal conduction losses can be achieved in the inductors
compared to other similar converters (see Fig. 1) having different values of currents
flowing through their boost stage inductors.

The inductor current and voltage waveforms obtained from PLECS simulation are
shown in Fig. 9. At 200W of output power, both the inductors carry a current of 5A with

aripple of 1.6A in each.

B. Input Current

The input source is connected to an interleaved two-phase boost stage. Since it is
a boost converter on the input side, the input current is continuous. As the two phases of
the interleaved boost are 180 degrees out of phase from each other, the input current
ripple is even smaller. This greatly reduces the size of the input filter capacitor required
for the converter. The input current waveform of the proposed converter operating at
200W is shown in Fig. 9. It can be seen that the ripple of the input current is about 1.2A
even though inductor currents i; and i have a ripple of 1.6A each. The reason for this
smaller input current ripple is both the boost switches being operated 180 degrees out of

phase from each other.
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L1 -VInductor current

L1 - Inductor Voltage

oo ffo

L2 - Inductor current

L2 - Inductor Voltage
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9 i \
1.99997  1.99998  1.99999

Fig. 9. Inductor L, and L, — current and voltage waveforms, Input current

C. Switches

The maximum voltage observed across the switches in the proposed converter is
equal to the output of its boost stage. This is a small number compared to the high output
voltage of the proposed converter. The switch blocking voltages can be calculated using
(13). As current in both the inductors is the same, the current stress on both switches is

same as well. The average current in the switches can be calculated using (14).

Vin
V51 :Vsz = (1—d) (13)

2x1
(14)

Sl,avg = S2,avg = (1—d)
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The waveforms of the switches in the proposed converter are shown in Figs. 10(a)
and 10(b). Switches S; and S, have the same current and voltage stress as can be seen in
the simulation waveforms. Since the converter in simulation is operating at 80%
switching duty cycle with a 20V input, the maximum voltage stress seen on both switches

is only 100V. Both switches S; and S, carry an average current of 5A.

S1 - Switch Voltage S2 - Switch Voltage
100 i i 100 i ‘
4 Y ETEN |

S1 - Switch Current S2 - Switch Current

S1 - Gate Signal S1 - Gate Signal

JouUu L U U
07 : : 07 ‘
1.99997 1.95998 1.95999 1.99997 1.9§998 1,9§999
(@) Switch S; (b) Switch S,

Fig. 10. Switch voltage, current and gate signal waveforms

D. Diodes
The diodes experience two times higher blocking voltages compared to the
switches as it depends on the voltages of the voltage multiplier circuit capacitors. In this
topology, all the diodes experience the same blocking voltage which can be calculated

using (15). The average current in the diode can be calculated using (16). Since all the



25

diodes experience same maximum voltage stress, similar diodes can be used for all of

them.

2xV,,
le :de :VdS =V

dout — (1—d) (15)

out (16)

dl,avg = d2,avg = d3,avg = doutavg =

The voltage and current waveforms of diodes D;, Dy, D3, and Doy in the proposed
converter are shown in Fig. 11. For the converter operating at 80% switching duty cycle
and 20V input, the maximum blocking voltage seen by the diodes is 200V. The diodes
conduct either only during mode 11 or mode 111 of the converter operation. All the diodes
carry an average current of 0.5A which is equal to the output current. Diodes D, and Dot
have different current waveforms. This is because of the voltage imbalance in the
capacitors during the start of mode Il. Only diode Dy initially conducts in order to
charge the output capacitor and bring in a balance in the voltage. Once the voltage loops
are balanced, then the current flowing through the diodes is dependent on the impedance

of the capacitors.
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Fig. 11. Diode voltage and current waveforms

VI. EXPERIMENTAL RESULTS
A hardware prototype of the proposed converter was built to test and validate the

proposed converter operation. The specifications of the components used for building the
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hardware prototype are given in Table Il. The power rating of the converter is 400W with
an input voltage of 20V and an output voltage of 400V. The proposed converter is tested

at a switching frequency of 100 kHz.

Table 11. Component specifications of the Hardware Prototype

Component Name Rating Part No
Inductor Ls, L 100 uH, DCR=11 mQ | CTX100-10-52LP
150 V, 43 A,
MOSFET 51,55 Rdston? S m) IPAO75N15N3G
Diode D1, Dy, Ds, Dowt | 250V, 40 A, Vd=0.97 V MBR40250T
VM capacitors | Ci, Cy, Cs, Cq | OO HF 25?11\3 ESR=26 | c4ATDBWS5600A30J
Output Capacitor Cout 22 uF, 45?11\8 ESR=6.2 B32774D4226

A theoretical loss analysis is performed using the ratings of the selected
components of the hardware prototype. The converter is assumed to operate at 200W of
output power. The calculated losses include conduction losses in inductors L; and Lo,
conduction and switching losses in switches S; and S,, conduction and reverse recovery
losses in diodes, and conduction losses in the ESR of the capacitors. Fig. 12 shows the
percentage distribution of losses in the system components. It is observed that the major
percent of losses occurs in the diodes which are about 56%. Around 24% and 17% of the

losses occur among the inductors and switches, respectively. The losses in the capacitors
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are very small as the ESR of the film capacitors used is in the order of few milliohms and

the rms currents are around 1A. The calculated efficiency was around 96.8% at 200W.

24%

« Inductors = Switches = Diodes = Capacitors

Fig. 12. Percentage distribution of losses in system components

A 400W prototype was built and tested to validate the analytical results. An
efficiency of 93.76% was observed at 200W of output power. The difference in the
calculated and experimental efficiency can be accounted for the core losses in the
inductors that were not considered in the calculated efficiency and the approximate
approach to calculating component losses. The efficiency of the prototype over a wide
range of output power is shown in Fig. 13. A maximum efficiency of 94.16% was
achieved at a power rating of 150W.

The experimental waveforms are shown in Figs. 14-17. The experimental
waveforms conform to simulation waveforms. Fig. 14 shows the input current, inductor
currents i 1 and i 2, and the output voltage of the converter. It can be observed that the

input current is continuous and has a smaller ripple compared to that in inductor currents.
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The inductor currents are equal and are 180 degrees out of phase from each other as the
two phases of the interleaved boost are operated in such way. The output voltage is 400V
and the voltage ripple is almost negligible. Fig. 15 shows the inductor currents along with

the gate signals of the switches.

98%
96%
>
g 9% e T
S 92% =
b=
W 90% ~
88%
86%
50 150 250 350 450
Output Power
Fig. 13. Efficiency curve of the proposed converter
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Fig. 14. Input current (i;y), Inductor currents (i 1, ir2), and Output Voltage (Vou)
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The voltages of switches S; and S, are shown in Fig. 16. The turn off voltage of
both switches is around 100V as can be calculated from (13). The inductor current
waveforms are decreasing during the turn off of their respective switches. The 180 degree

out of phase operation of switches S; and S, can be clearly seen in the switch voltages.

Tek Run — . Trig’d
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| ;’ ' .
L | I | I
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@ s00ra0 @ @ 100V @ 100V ){4.00;13 :] [ﬁb‘:)MpSo/iths] [_. 7 6.40\1]

Fig. 15. Inductor currents (i1, iL2) and Gate voltages (Ves1, Vas2)

The reverse blocking voltages of diode D, and output diode Doy are shown in Fig.
17. The maximum blocking voltage of the diodes is observed to be 200V which is same
as that calculated using (15). Also the wave shape of both diodes D, and Do Voltages are
similar because they both are ON during mode | when the switch S; is turned OFF.
Likewise, the wave shape of voltages of diodes D; and D3 will be similar and have the

maximum blocking voltage of 200V for the above test specifications.
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Fig. 16. Inductor currents (iL1, iL2) and Switch voltages (Vs, Vs2)
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The experimental waveforms provided validate the converter operation and
analysis. The proposed converter is capable of providing voltage gains high enough to

step up the output voltage of renewable sources to the distribution level 400V DC.

VII. PROPOSED CONVERTER VS. HIGH-VOLTAGE-GAIN TOPOLOGY
USING DICKSON CHARGE PUMP VOLTAGE MULTIPLIER CELLS

A comparison between the proposed converter and a high-voltage-gain converter
using Dickson charge pump voltage multiplier cells is shown in table Ill. The high-
voltage-gain converter using the Dickson charge pump voltage multiplier cells [19] will
be referred to as reference converter in the following sections of the paper (see Fig. 1).
Both the converters are almost similar in operation but differ in terms of component
stresses. The converters are being compared in terms of component stress and size while
both offer a voltage gain of 20, i.e., a 20V input is stepped up to 400V on the output side.
Here in this comparison, both converters are sourced from a single source despite the fact
that they could be powered from two independent sources.

Both converters achieve a high voltage gain by charging and discharging of the
voltage multiplier capacitors. They offer continuous input current which can be owed to
the two-phase interleaved boost topology on the input side. The proposed converter is
symmetric, i.e., both the interleaved boost phases on the input side experience same
voltage and current stresses. Also, some of the capacitors in the voltage multiplier circuit
have similar voltage stress. This simplifies the effort and time during component
selection of the system design. The switches in the proposed converter have a higher duty
ratio as the proposed converter offers slightly lower gain. This leads to a slightly higher

voltage stress across the switches compared to the reference topology.



33

Table 111. Comparison of the proposed converter to the reference converter

Component Parameter Reference Converter [19] Proposed Converter
Input Current Continuous Continuous
Inductor Current IL1=6 A, | ,=4 A IL1=5A, I,=5A
Voltage V51=80 V, V5,=80 V V5:=100 V, V5,=100 V
Switches Duty Cycle D;=D»=75% D,=D»=80%
Current |31:6 A, lss=4 A Is1=5 A, Isx=5 A
fgalﬂic\'fgﬂgze C1=12.5 UF, C,=6.25 |IF, C1=C4=6.66 LF,
Y ripple C3=4.17 puF, C4=3.125 pF C,=C3=20 pF
Capacitors
Voltage Vc1_:80 V, ch:_l60 V, V01:YC4:_150 V,
Vc3=240 V, V=320 V Vc2=Ve3=50 V
VD1:160 V, VD2:160 V, VD1:200 V, VD2:200 V,
Diodes Voltage Vp3=160V, Vps=160 V, Vp3=200 V, Vpeui=200
Vbout=80 V \Y
Capacitance Cou=1.875 HF Cou=1.875 HF
Output for 1V ripple out= - ou="-
Capacitor
Voltage Veour=400 V Veour=400 V

The major difference in the converters being compared is in their voltage

multiplier circuits. Apart from the output capacitor, both the reference converter and

proposed converter have four voltage multiplier capacitors. The capacitors in the

reference converter have linearly increasing voltage stress as observed from C; to C4. The

voltages of the capacitors C;, C,, Csz, and C, are 80V, 160V, 240V, and 320V
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respectively. For a 1% ripple voltage in the voltage multiplier capacitors, the required
capacitance for C;, C,, Cs, and C4 are 12.5 pF, 6.25 pF, 4.17 pF, and 3.125 puF,
respectively. The proposed converter has smaller voltage rating for the voltage multiplier
capacitors. Capacitors C;, C4 have a voltage stress of 150V and C,, C3 have a voltage
stress of 50V. For a 1% ripple voltage in the voltage multiplier capacitors, the required
capacitance for C;, C,, Cs, and C4 are 6.66 pF, 20 pF, 20 uF, and 6.66 UF, respectively.
The proposed converter has a smaller size compared to the reference topology due
to its voltage multiplier circuit capacitors. Ideally, this can be demonstrated by looking at

the total energy of the voltage multiplier capacitors which can be calculated as follows.

4
1
Etotal = ZE X Cn ><Vn2 (17)

n=1

The total energy of the voltage multiplier capacitors of the reference converter is 0.4J
while that of the proposed converter is 0.2J. It can be seen that the capacitors of the
proposed converter hold only 50% of the energy compared to the reference converter. A
more practical way to compare the converter size is by looking at the volume of selected
voltage multiplier capacitors available in the market. The voltage multiplier capacitors
were selected from “KEMET R60-Series Film Capacitors” such that they had the closest
capacitance and voltage ratings to what was required. It was observed that the proposed
converter had 44% smaller volume of voltage multiplier capacitors compared to the
reference converter. Therefore the size of the proposed converter is smaller compared to
the reference converter.

The proposed converter has one less diode compared to the reference converter.

All the diodes experience the same reverse blocking voltage of 200V which is slightly
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higher than that of the diodes in the reference converter. This is because of the slightly
higher duty ratio of the proposed converter compared to the reference converter. As the

output ratings are the same, the output capacitors of both the converters are the same.

VIIL. CONCLUSION

In this paper, a high-voltage-gain dc-dc converter is introduced that can offer a
voltage gain of 20, i.e., to step up a 20V input to 400V output. The proposed converter is
based on a two-phase interleaved boost and the modified Dickson charge pump voltage
multiplier circuit. It can draw power from a single source as well as from two
independent sources while offering continuous input current in both cases. This makes
the converter well suited for renewable applications like solar. The proposed converter is
symmetric, i.e., the semiconductor components experience same voltage and current
stresses which therefore reduces the effort and time spent in the component selection
during the system design. The proposed converter has smaller voltage multiplier
capacitors compared to a reference converter based on Dickson charge pump voltage
multiplier cells; hence it is smaller in size. The converter finds it application in
integration of individual solar panels onto the 400V distribution bus in datacenters,

telecom centers, dc buildings and microgrids.
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Il. AHIGH-VOLTAGE-GAIN DC-DC CONVERTER USING DIODE-
CAPACITOR VOLTAGE MULTIPLIER CELLS

Abstract — In this paper, a high-voltage-gain dc-dc converter using diode-
capacitor voltage multiplier cells is introduced. The proposed converter offers high
voltage gain while benefitting from a simple structure and a low component count. Also,
the semiconductor devices experience low voltage stresses. The proposed converter can
draw power from a single source as well as from two independent sources. Moreover, it
offers continuous input current with low ripple making it appealing in PV solar
applications. The operating principle, converter design, and component selection have
been discussed with supporting simulation results. A hardware prototype of the proposed

converter with a voltage gain of 12 has been developed to validate the analytical results.

I. INTRODUCTION

Low voltage dc systems at 380V have been gaining popularity due to their various
benefits including better efficiency, increased reliability, low cost, and simpler
integration of renewable energy systems. Such systems have been finding applications in
data and telecom centers [1], dc homes [2], dc microgrids [3-9], etc. Also, grid-tied
inverter systems [10, 11] have an intermediate 380V dc bus between the energy source
(PV panels, fuel cells, etc.) and the inverter. The integration of sustainable and cleaner
renewable energy sources like solar and fuel cells into dc systems can be a challenge due
to their widely varying voltage range (20V — 45V). The use of classical boost or buck-
boost converters is not desirable as their voltage gain is limited due to losses in parasitic

components at larger duty cycles. Also, the semiconductor devices experience a larger
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voltage stress which leads to increased losses. Isolated topologies like flyback, forward,
push-pull, half-bridge and full-bridge topologies have discontinuous input currents which
would require larger input filter capacitors. Therefore, high voltage dc-dc converters have
been investigated for the integration of renewable energy sources.

High voltage gain converters using coupled inductors and transformers have been
proposed in [12-17]. Switches in such converters experience high voltage spikes as a
result of the energy stored in the leakage inductance of the coupled inductors and
transformers. Therefore, they require clamping circuitry to reduce the voltage spikes and
improve the converter efficiency by recovering the leakage energy. Also, the leakage
inductance reduces the voltage gain of the converter. High voltage gain converters using
diode-capacitor voltage multiplier (VM) circuits have been proposed in [18-21]. Dual
switch high-voltage-gain dc-dc converters proposed in [18] and [19] have discontinuous
input currents and hence would require large input capacitors when used for renewable
energy applications. The converter proposed in [20] offers a low voltage gain with high
component count. It also requires large inductors to maintain a small input current ripple.
A hybrid boosting converter proposed in [21] has a discontinuous input current and a
smaller voltage gain.

Non-inverting and inverting diode-capacitor voltage multiplier cells (shown in
Fig. 1) have been proposed in [22]. These VM cells have two capacitors C; and C; that
are charged using diodes D; and D, respectively and discharged through an output diode
Dout- The load is connected across terminals A and B. These cells are not extendable, i.e.,
they cannot be connected in series to another to achieve higher voltage gains. A family of

single-switch PWM converters based on these diode-capacitor VM cells are also
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introduced in [22]. The proposed zeta derived and inverting zeta derived converters offer
relatively low voltage gains and hence will not be able to boost a voltage as low as 20V
to 380V at a reasonable duty cycle. Also, these converters have a discontinuous input

current which is not appealing for renewable applications like solar.

Dout
a e Ppl—-e A a ® o A
b e * B b e—l |+ e B
C,
(a) Non-inverting (b) Inverting

Fig. 1. Diode-capacitor VM cells

In this paper, a high voltage gain dc-dc converter based on non-inverting and
inverting diode-capacitor VM cells is proposed. The proposed converter offers high
voltage gain while having continuous input current when operating with either a single
source or two independent sources. The semiconductor devices experience low voltage
stress compared to the high output voltage of the converter. In section I, the proposed
converter is introduced and its modes of operation in continuous conduction mode
(CCM) are explained. The voltage gain of the proposed converter in CCM with two

independent sources and a single source are derived in section Ill. Section IV analyzes
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the component stress of the proposed converter and provides supporting simulation
results. Section V discusses the proposed converter operating in discontinuous
conduction mode (DCM). Experimental results obtained using developed prototype are

presented in section VI. Finally, section VI concludes the paper.

Il. PROPOSED CONVERTER AND MODES OF OPERATION

The diode-capacitor VM cell based high-voltage-gain dc-dc converter is
introduced (see Figs. 2 and 3) in this section. The proposed converter comprises of two
stages — a two-phase interleaved boost stage on the input side and a diode-capacitor VM
cell on the output side. The diode-capacitor VM cell could either be a non-inverting
diode-capacitor VM cell or an inverting diode-capacitor VM cell. Owing to the symmetry
of the converters using non-inverting and inverting VM cells along the horizontal axis,
one converter can be obtained by horizontally flipping the other. Therefore, both non-
inverting and inverting diode-capacitor VM cells lead to basically one converter. In the
next parts of this paper, only the non-inverting diode-capacitor VM cell based converter

is analyzed. The proposed converter can operate both in CCM and DCM.
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Cout = Vout [] R

Cout == Vout [] R

Fig. 3. High-voltage-gain converter using inverting diode-capacitor VM cell

The gating signals of the two-phase interleaved boost stage switches S; and S, for
both CCM and DCM operation are shown in Fig 4. For the proposed converter to operate
normally, both switches S; and S, must have an overlap time when both are ON and also
one of the switches must be ON at any point of time. This can be achieved by using duty

ratios higher than 50% for both switches and having them operate at 180 degrees out of
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phase from each other. As can be seen from Fig. 4, such gate signals lead to three

different modes of operation.

© Mode-1 : Mode-11 : Mode-l : Mode-III :

T,

Y

A : -

d lTs

A
Y

Y

TATK
Y
~—+

Fig. 4. Interleaved boost switching signals for the proposed converters

A. Mode |

In this mode, both switches S; and S, of the two-phase interleaved boost stage are
ON (see Fig. 5). Input sources Viy and Viy, charge inductors L; and L. Inductor currents
iL1 and i both increase linearly. Both diodes D; and D, of the VM cell are reverse biased
and are hence OFF. The voltages of the VM cell capacitors remain the same and output

diode Do, is OFF as it is reverse biased. Therefore, the output capacitor supplies the load.

B. Mode Il
In this mode, switch S; is OFF and switch S, is ON (see Fig. 6). Diodes D; and D,
are OFF as they are reverse biased while output diode Dy is ON as it is forward biased.

Therefore, VM cell capacitors C; and C, are in series connection. Inductor current i,
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flows through capacitors C; and C, discharging them to charge the output capacitor and

supply the load.

Ll 'C'l Dout

Vi nl iE ,

AD DiE ]
Vin2 52 . .
Lo o

C,

Cy Dout
I
——= >
Vinl o

Cout = Vout [] R

Vin2

Fig. 6. Converter operation in mode-I1
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C. Mode IlI

In this mode, switch S; is ON and switch S, is OFF (see Fig. 7). Diodes D; and D,
are ON as they are forward biased while output diode D, is OFF as it is reverse biased.
Therefore, VM cell capacitors C; and C, are connected in parallel to each other. Inductor
current i, flows through diode-capacitor VM cell capacitors C; and C, charging them to

a same voltage level while the output capacitor supplies the load.

L,
—_—
I1
Vinl
Vin2
L,
—>
IL2 C,

Fig. 7. Converter operation in mode-I1I

I1l. VOLTAGE GAIN OF THE PROPOSED CONVERTER

In the proposed converter, the input power is transferred to the output by charging
and discharging the diode-capacitor VM cell capacitors. For a non-inverting diode-
capacitor VM cell based converter (shown in Fig. 2) operating in CCM, the voltage gain
can be derived as follows. Based on volt-second balance, the average voltage across

inductors L; and L, can be written as
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M <VL2> =0 1)
From Fig. 6, based on the volt-second balance of inductor L;, one can write

Vin
out _Vc1 _ch = (1_ ;1) (2)

\Y

From Fig. 7, based on the volt-sec balance of the inductor L,, one can write

Vin2

Ve =Ve, Zm
2

3)

In the above equation, the authors assume the capacitance of C; and C, to be
identical. If different capacitors are used, the voltages are still the same but with a
different ripple. Therefore, the capacitor voltage equations are the same irrespective of
their capacitances. A major difference observed using different capacitors is a current
spike in the smaller capacitor. This is because the voltage of the smaller capacitor is
lesser than the other capacitor (during the start of mode Ill) as a result of its larger
voltage ripple. Therefore, all the inductor current i, flows through the smaller capacitor
until its voltage equals the other capacitor. Once both the voltages become equal,
inductor current i_, flows through the capacitors in the inverse ratio of their capacitances,
i.e., ici/ic, = Co/Cy. By substituting (3) in (2), one can derive the output voltage as

Vout: Vinl + 2><Vir12
(1_d1) (1_d2)

(4)

The proposed converter can be supplied from two inputs (see Fig. 2) as well as
using only one input source. When a single input is used for the proposed converters, the

authors use a switching duty cycle d for both switches S; and S, and operate them at 180
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degrees out of phase form each other. The proposed non-inverting diode-capacitor VM
cell converter with single source is shown in Fig. 8. For a single source converter, the

diode-capacitor VM cell capacitor voltages and output voltage are written as

Vin
Ve =Ve, = (1—d) (5)
B 3xV,,
out — (1_ d) (6)

Dout
P
+
Cout = Vout [] R

Fig. 8. Non-inverting diode-capacitor VM cell converter using single input source

IV. COMPONENT STRESS AND SIMULATION RESULTS
This section discusses the component stress observed on different components in
the non-inverting diode-capacitor VM cell converter with single input source operating in
CCM (see Fig. 8). It also provides supporting simulation waveforms of the converter
operating in CCM at an output power of 200W (R=792 ohms and d=0.75). All the

component stress equations and simulation waveforms presented in this section are under
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the assumption of identical capacitances for C; and C,, unless otherwise specified. The
simulation model of the proposed converter has been built in PLECS blockset based off

MATLAB. The parameters used in the simulation are given in Table I.

Table I. Simulation parameters

Simulation Parameter Value
Input Voltage 3V
Output Voltage 396 V
Switching Frequency fq, 100 kHz
Inductors L; and L, 95 pH
VM capacitors 22 uF
Output Capacitor 15 uF

A. Inductor

Inductor current i, charges capacitors C; and C, as they are in parallel during
mode I11. In mode Il, inductor current i ; flows through capacitors C, and C, discharging
them in series connection. Therefore, inductor L, carries twice the current in inductor L;.

Average inductor currents i ; and i, can be calculated as

ILl,avg = (1 _Oué) (7)
2x |y
I L2 ,avg ﬁ (8)

The rms values of inductor currents used to determine copper losses in inductors L; and

L, can be calculated as
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| ’ V. xd ’
— out in 9
o \/((1—01)) +[2\/§><fost ®
2x1,, ) V,, xd i
— out n 10
o J(a—d)) {z@mJ o

The minimum inductances required for L; and L, to operate in CCM can be calculated as

follows.
L min = W (11)
o - DR 12
The inductance required for a current ripple of Al is given by
-= A\I/iLn : ?SW &)

The inductor waveforms obtained from PLECS simulation are shown in Fig. 9. At 200W

of output power, inductors L, and L, carry an average current of 2A and 4A respectively.

B. Input Current

The input source is connected to a two-phase interleaved boost stage. The input
current is continuous. The average input current is the sum of inductor currents i; and
iL2. As the two phases of the interleaved boost are 180 degrees out of phase from each
other, the input current ripple is further reduced. This greatly reduces the size of the input

filter capacitor required for the converter. The input current ripple can be calculated as



o1

(14)

RN i )

Lx f, d(1-d)

where m= floor(2d). The first term in (14) represents the normal inductor current ripple

while the second term represents the ripple cancelation due to interleaving operation. The

input current waveform of the proposed converter operating at 200W is shown in Fig. 9.

L1 - Inductor Current

L1 - Inductor Voltage

L2 - Inductor Current

L2 - Inductor Voltage

lin - Input Current

4 {
4.9996 4.9998 % le-1

Fig. 9. Inductor current and voltages, input current
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C. Switches
In the proposed converter, maximum voltage across switches S; and S; is
observed during modes Il and 111, respectively. From Figs. 6 and 7, the voltage across

switches S; and S, can be written as

Ve =V

out

Ve Ve (15)

Vs =V =V, (16)
Substituting (5) and (6) in (15) and (16), the switch blocking voltages can be calculated
as.

V.
V51 :Vsz = (1_md) (17)

The maximum voltage across the switches is only one-third of the output voltage.
As the currents in the two inductors are not identical, the current stress seen by both
switches are different as well. The average switch currents can be calculated using (18)
and (19). The rms switch currents used in the calculation of the conduction losses are
calculated using (20) and (21). In the switch average and rms current derivations, only the
average values of switch currents during different modes of operation are considered and
the ripple is neglected.

3d -1
I Slavg — (m)l out (18)

3d-05
ISZ,avg:( 1-d Jlout (19)
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(L-d)’

| _[ 54, (21)
S2,rms (1—d)2 out

The switch waveforms of the proposed converter are shown in Figs. 10 (a) and

8-7d
ISl,rms = ]Iout (20)

(b). Switches S; and S, in the two-phase interleaved boost stage see different current
stress but the same voltage stress as can also be seen in the simulation waveforms. Since
the converter in simulation is operating at 75% switching duty cycle with a 33V input, the
maximum voltage stress seen on both the switches is 132V. Switches S; and S, carry an

average current of 2.5A and 3.5A, respectively.

S1 Gate Signal S2 Gate Signal
TU U UL il
et S S e

S1 Current S2 Current

S1 Voltage S2 Voltage

150 T 150 4 S
100 100 - ‘\ JUUURIRY R .
0 I T 0 — I
4.9996 4.9998 % le-1 4.9996 4.9998 % le-1
(a) Switch S (b) Switch S,

Fig. 10. Switch gate signal, current, and voltage waveforms
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D. Diodes
The maximum blocking voltages of the diodes can be determined from the
different modes of operation. Both diodes D; and D, experience a maximum voltage

stress across them during mode 1. They can be written as

V.

V, =V, +—"— 22
i1~ Vel (1—d) (22)
V.
V.,=V., +—"— 23
d2 C2 (1—d) ( )
The output diode experiences a maximum blocking voltage during mode Ill. It can be
written as
Vdout :Vout _VCI :Vout _VCZ (24)

Substituting (5) and (6) in (22), (23), and (24), we can calculate the diode blocking

voltages as

2xV,
le :de :Vdout :m (25)

From (25), it can be seen that all the diodes of the converter experience the same
blocking voltage. All the diodes experience a blocking voltage which is only two-thirds
the output voltage. The diode average and rms currents used in the calculation of losses

are given by

lou (26)

dl,avg = d2,avg = doutavg =
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1-d\(2x1,, ) 1(V,xd)
Idl,rms_Ierms_\/( 4 )|:((1_d)j +E(LX fSWJ:| (27)
Iout ’ 1 Vin><d 2
| goutrms —J(l—d){[mJ +E(Lx fst } (28)

In the above diode current equations, the authors assume capacitors C; and C; to

be equal. In cases where different capacitances are used for C; and C,, the average
current equations of all diodes and the rms current equation of output diode will still
remain the same. Only the rms current equations of diodes D; and D, will slightly vary
due to the current spikes in them. Therefore, the above rms current equations of diodes
D;and D, can still be used to approximate the losses. As the authors are assuming the
capacitors to be identical, all the diodes experience same voltage and current stress.
Therefore, a similar type of diode can be used for all of them. The voltage waveforms of
diodes Dy, D,, and Dy, of the proposed converter are shown in Fig. 11. For the converter
operating at 75% switching duty cycle and 33V input, the maximum blocking voltage

seen by the diodes is 264V.
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Fig. 11. Diode voltage and current waveforms

E. Capacitor Sizing
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The proposed converter has three capacitors, two VM cell capacitors and one

output capacitor. These capacitors are sized based on the amount of voltage ripple that

can be allowed in them. To maintain a voltage ripple of AV¢cin VM cell capacitors C; and

C,, the capacitance required can be calculated as follows.
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VOUI
=t 2
Rx f,, x AV, (29)

1 CZ

The output capacitance required to have a voltage ripple of AVo is calculated as

dxV
C — out 30
out R > fSW > AVO ( )

In the simulation, capacitances of 22uF, 22uF, and 15uF have been used for C;, C,, and

Cout, respectively to have a voltage ripple of less than or equal to 0.25V.

V. PROPOSED CONVERTER OPERATING IN DCM

Over a wide load range, the proposed converter may operate in both CCM and
DCM. There is also an intermediate mode where only one of the inductor currents is
discontinuous. This intermediate mode will be referred to as partial DCM or PDCM. A
well designed converter with equal inductances for L; and L, will operate in CCM during
full load conditions. As the load power starts to decrease (or load resistance increases),
the converter will operate in partial DCM. In this mode, only the current of inductor L,
will be discontinuous as it carries only half the current in L,. As the load power further
decreases, the converter will operate in DCM where both inductor currents reach zero at
some point during the switching cycle.

The boundary conditions for the proposed converter to operate in CCM are given
using (11) and (12). For a selected value of L for inductances L; and L,, inductor current
in Ly will first turn discontinuous as the load power starts to decrease. The load resistance

at which the proposed converter enters partial DCM can be calculated as
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6xLxfg,

d(l-d)’ (31)

Critical_PDCM —

For the converter specifications given in Table-1, the proposed converter is at the
boundary of CCM and partial DCM at a load resistance of 1,216 ohms. When the
proposed converter is operating in partial DCM, the voltages of VM cell capacitors C;
and C, are unchanged as the current of inductor L, is still continuous. They can be

calculated using (5). The output voltage however is different and is derived as

2xd? ><Vin2 x R
R
Vout_PDCM = 5
Substituting (5) in (32), the output voltage equation is written as
2 2 2
V, + 2V, o |lv + 2V, N 2xd°xV, " xR
1-d 1-d Lx f,, (33)

\Y
out_PDCM
- 2

As the load power starts to further decrease, the converter will enter into DCM.

The critical resistance at which the converter enters DCM can be calculated as

4xLxfg, XVout_PDCM

Rerideal_oem = V. xdx (l— d)

(34)

For the specifications given in Table-1, the proposed converter is at the boundary of
partial DCM and DCM at a load resistance of 2,140 ohms. Therefore, the simulated
converter stays in partial DCM between a load resistance of 1,216 and 2,140 ohms. For

loads lesser than 1,216 ohms, it operates in CCM and for loads above 2,140 ohms, it
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operates in DCM. When the proposed converter operates in DCM, the output voltage and

the VM cell capacitor voltages can be calculated as

4xd?xV. °xR
V. + |3V V+ L
n \/( m) ( LX fSW ] (35)

V
out_DCM
- 2

d?xV 2+

n

[4X L x fsw ><Vout_DCM ><VinJ
R

VCl_DCM :VCZ_DCM = £4>< Lx f_ xV ]
SW out_DCM

(36)

R

For the proposed converter with two sources, partial DCM and DCM should be
avoided as much as possible in order to avoid the input current being discontinuous. Even
in the single source case, the input current can be discontinuous at low loads. Therefore,
the proposed converter must be designed such that the converter operates in CCM for a

wide range of load variations.

VI. EXPERIMENTAL RESULTS

A hardware prototype was built to test and validate the operation of the proposed
non-inverting diode-capacitor VM cell converter. The specifications of the components
used for building the hardware prototype are given in Table Il. The power rating of the
converter is 200W with an input voltage of 33V and an output voltage of 396V. The
proposed converter is tested at a switching frequency of 100 kHz. A theoretical loss
analysis is performed using the ratings of the selected components of the hardware

prototype. The converter is assumed to operate at 200W of output power. The calculated
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losses include conduction losses in inductors L; and L,, conduction and switching losses
in switches S; and S,, conduction and reverse recovery losses in all diodes, and
conduction losses in the ESR of all capacitors. Fig. 12 shows the percentage distribution
of losses in the system components. It is observed that the major percentage of losses
occur in the diodes which is about 80%. As all diodes are identical and they experience
same voltage and current stresses, the losses can be equally distributed among them, i.e.,
26.67% in each diode. Around 7% and 13% of the losses occur among the inductors and
switches, respectively. The losses in the capacitors are very small as the ESR of film

capacitors is in the order of few milliohms and the rms currents are around 1A.

Table 11. Component specifications of the hardware prototype

Component Name Rating Part No
95 uH ETD-49 A250 core
Inductor Li Lo DCR~11mQ 21 turns
MOSFET S1, S R dls%gn\)/:’;‘ 35 IAn 0 IPAO75N15N3G
600V, 15 A
Diode D1, D2, Dout Vf:R%ZS' XSSO f’zA’ MURF1560G
Irr=3 A, Trr=60 ns
. 22 UF, 250 V EPCOS
VM capacitors 1, G ESR= 5 mQ B32796E2226K
Output Capacitor Cout églg52485?n\§/2 C4ATGBW5150A3L)
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& Inductors m Switches @ Diodes & Capacitors

Fig. 12. Percentage distribution of losses in system components

The hardware prototype was tested at 200W of output power and an efficiency of
94.05% was observed. The efficiency plot of the hardware prototype is shown in Fig. 13.
A maximum efficiency of 94.33% was observed at an output power of 175W. The
experimental waveforms of the converter operating at 200W in CCM are shown in Fig.
14. The experimental waveforms conform to the simulation waveforms. Fig. 14 (a) shows
the input current, inductor currents i; and i, and also the output voltage. Inductor
currents i 1 and i, are at 2A and 4A respectively. The input current is the sum of both the
inductor currents. It can be observed that the input current is continuous and has a smaller

ripple compared to that of inductor currents. The output voltage is observed to be 396V.
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Fig.14. Waveforms of the proposed converter operating in CCM at 200W (Contd..)

Fig. 14 (b) shows the switching signals and inductor currents. The inductor
currents are decreasing during the turn off of their respective switches. The voltage
waveforms of switches S; and S, are shown in Fig. 14 (c). The turn off voltage of both
switches is 132V. Also, the 180 degree out of phase operation of switches S; and S, can
be seen in the switch voltages. The reverse blocking voltages of diodes D, and Doy are
shown in Fig. 14 (d). The maximum blocking voltage of the diodes is observed to be
264V. Voltages of diodes D; and D, are 180 degrees out of phase from each other
because D; conducts when switch S, is OFF and Dy, conducts when switch S; is OFF.
The experimental waveforms validate the converter operation and analysis.

The converter waveforms at the boundaries of CCM, PDCM, and DCM are

shown in Fig. 15. In Fig. 15 (a), it can be seen that the minimum of inductor current i ; is



65

close to zero (83mA) while the minimum of inductor current i, is 1.491A. Therefore, at
1,261 ohms, the converter is operating close to the boundary of CCM and PDCM.
Similarly in Fig. 15 (b), the minimum of inductor current iy is at zero while the
minimum of inductor current i, is close to zero (252mA). Therefore, at 2,172 ohms, the
converter is operating close to the boundary of PDCM and DCM. The load values at the

boundary conditions are close to the values obtained from the analysis in section V.
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VIlI.  CONCLUSION

In this paper, a high-voltage-gain dc-dc converter is introduced. The proposed
converter offers high voltage gain while having a simple structure with low component
count. The converter structure has two stages - a two-phase interleaved boost stage on the
input and a non-inverting or inverting diode-capacitor VM cell on the output side. With
the two-phase interleaved boost on its input side, the converter is capable of drawing
power from a single source or two independent sources while offering continuous input
current in both cases. Owing to the symmetric nature of the non-inverting and inverting
diode-capacitor VM cells, the proposed converter can be obtained using either of the VM
cells. The semiconductor devices experience low voltage stress compared to the output

voltage. The switches and diodes experience only 1/3™ and 2/3" of the output voltage,
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respectively. The component stresses and voltage gain of the converter have been verified
using both simulation and hardware results. The boundary conditions of the proposed
converter to operate in CCM, PDCM, and DCM have also been verified. This converter

can be utilized for the integration of solar panels and fuel cells onto a 400V dc bus.
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I1.A FAMILY OF HIGH-VOLTAGE-GAIN DC-DC CONVERTERS BASED
ON A GENERALIZED STRUCTURE

Abstract — A family of high-voltage-gain dc-dc converters is introduced in this
paper. The proposed family of converters has been deduced from a generalized structure
with two stages. On the input side, a two-phase interleaved boost stage boosts the input
dc voltage to output a modified square wave voltage on the second stage. This output of
the interleaved boost stage is further multiplied and rectified using a voltage multiplier
stage. As a result, a high voltage gain is achieved using the proposed converters. The
two-phase interleaved boost stage on the input side makes it possible for the converters to
be operated using a single source or two independent sources. In a single source is used,
the input current drawn is continuous with a small ripple. Owing to its generalized
structure, the proposed family of converters comprises of both non-isolated and isolated
converters with high voltage gain. The high voltage gain and continuous input current
make these converters appealing in applications like the integration of renewable sources

such as solar, fuel cells, etc., on to a 400V dc bus.

I. INTRODUCTION

High voltage gain dc-dc converters have been in use in many industry
applications. In the past, they have been mainly used for powering high intensity
discharge (HID) lamps in automotive headlamps and integrating the 48V dc battery plant
onto the intermediate 380V dc bus of uninterruptible power supplies (UPS) in
telecommunication centers [1, 2]. Over the last decade, these converters have been

gaining popularity for the integration of renewable energy sources [3-7]. Renewable
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sources such as solar modules and fuel cells provide low voltage dc at their outputs -
typically in the range of 20V to 45V. Applications like dc distribution systems [8, 9], dc
microgrids [10, 11], and solid state transformer [12, 13] include a 380V dc bus. Also, a
higher voltage dc input is preferred for a grid tied ac-dc inverter [14]. The integration of
low voltage renewable sources onto the higher voltage dc bus is challenging. Use of
classical boost and buck-boost converters to integrate such low voltage sources to a high
voltage dc bus is not possible as the losses in their parasitics limit the voltage gain at
larger duty cycles. Also, their semiconductor devices are subjected to higher voltage
stress and reverse recovery problems. Isolated topologies such as flyback, forward, push-
pull, half-bridge, and full-bridge converters have discontinuous input currents which
make them unsuitable for renewable energy applications like solar. Therefore, they would
require larger input filter capacitors which would lead to increased converter size and
reduced reliability.

Many non-isolated and isolated high voltage gain dc-dc converters have been
proposed in [3-7, 12-31] for the integration of renewable energy sources and energy
storage devices. Few other high-voltage-gain converters have been proposed in [32-35].
All these high-voltage-gain converters use a boost stage in combination with voltage
multiplier circuits. The boost circuit or voltage multiplier circuit in some involves either a
coupled inductor or a transformer or both to achieve even higher voltage gains. A
classification of non-isolated boost-based dc-dc converters has been presented in [36].
The step-up topologies with wide conversion ratio have been mainly classified into five
types. They are - (1). Cascaded boost converters, (2). Coupled-inductor based boost

converters, (3). Switched-capacitor based boost converters, (4). Interleaved boost
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converters and (5). Three-state switching cell (3-SSC) based converters. This
classification gives a better picture on how most of high voltage gain converters are built.
The main features that the converter has to offer for use in renewable energy and energy
storage applications are high voltage gain, high efficiency, continuous input current, and
low device stress. Most converters can only offer a few of these features making them
less appealing for such applications.

In this paper, a family of high-voltage-gain dc-dc converters is proposed. The
proposed family of converters has a generic structure — a two-phase interleaved (TPI)
boost stage on the input side and a voltage multiplier (VM) stage on the output side.
Based on the construction of its TPI boost stage, the members of the proposed family of
converters can be classified into non-isolated and isolated topologies. These converters
offer high voltage gain with continuous input current and low semiconductor voltage
stresses. The proposed family of converters is suitable for applications like integration of
renewable energy sources. In section Il, the generalized structure of proposed family of
converters is discussed. Section 11 classifies the proposed family of converters based on
the input side TPI boost stage. Few of the earlier cited high-voltage-gain dc-dc converters
are members of the proposed family of converters. They will be referred to when
different TPl boost stages are discussed in detail. The VM stage and few possible
solutions have been described in section IV. Section V discusses the practical converter
considerations for the proposed family of converters. An example converter derived using
the generalized structure is discussed and analyzed with supporting hardware results in

section V. Section VI concludes the paper.
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Il. GENERALIZED STRUCTURE OF THE PROPOSED FAMILY OF
CONVERTERS

The uniqueness of the proposed family of converters is the generalized structure
used in building them. Generalized structure of the proposed family of converter is shown
in Fig. 1. As can be seen from the figure, the generic structure of the proposed family of
converters has two stages. The first stage is a TPl boost stage on the input side. The
second stage is a VM stage on the output side. The main link between the two stages is
the intermediate voltage between them (Vag in Fig. 2). This intermediate voltage is
obtained by switching switches S; and S, of the two-phase interleaved boost stage at duty
cycles d; and dy, respectively. The intermediate voltage is similar to the modified square

wave (MSW) voltage output of a single phase inverter.

A
L
TWO-PHASE VOLTAGE
v O INTERLEAVED MULTIPLIER § Rioao
< BOOST STAGE STAGE
L
B

Fig. 1. Generalized structure of the proposed family of converters with single source
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Fig. 2. Switching pulses (S; and S;) and MSW voltage (Vag)

The TPI boost stage converts the dc voltage of the source to an MSW voltage. For
the TPI boost stage to do so, one cannot keep both S; and S, off at the same time as the
converter will violate Kirchhoff’s law. Therefore, one of the two switches must be ON at
all times. In case a symmetric operation is desired, S; and S, can be commanded with
similar duty cycles with 180 degrees of phase shift (see Fig. 2). d; and d, are the
corresponding duty cycles for S; and S,, and Ts is the switching time period. As can be
seen from Fig. 2, one of switches S; and S, is ON at any point of time. Such switching
pulses result in three modes of operation. The MSW voltage output of the TPI boost stage
is rectified and further boosted by the VM stage to provide a high voltage dc at its output.
This is done through charging and discharging of its capacitors during modes Il and 111 of

operation.
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The MSW voltage (Vag in Fig. 2) has two voltage peaks — a positive peak Vx and
a negative peak Vy. The positive peak Vyx is the voltage across terminals A and B during
mode-l1, i.e., switch S; is OFF and switch S, is ON. The negative peak Vy is the voltage
across terminals A and B during mode-11l, i.e., switch S; is ON and switch S2 is OFF. The
voltage across terminals A and B during mode-1 is preferred to be zero. Cases with a
possibility of a non-zero voltage across terminals A and B during mode-1 will be

discussed in detail in section Il1.

I1l. TWO-PHASE INTERLEAVED (TPI) BOOST STAGE

The first stage of the proposed family of converters is a TPI boost stage. As there
are two phases of boost on the input side, the converter can either be powered from a
single source or two different sources. The TPI boost stage can be further enhanced to
provide higher voltage gains by using coupled inductors and transformers. It also makes
it possible to achieve galvanic isolation in the converter. Based on the construction of the
TPI boost stage, the proposed family of converters has been classified as shown in Fig. 3.
The family of converters is mainly classified into non-isolated and isolated converters. It
can be observed from the classification that there are six ways to implement the TPI
boost stage. Each of these implementations is discussed in this section of the paper.

The discussions that follow analyze the two-source TPl boost stage and then
modify it for a single source TPI boost stage with both switches operating at same duty
cycle ‘d’. For the TPI boost stage to generate an MSW voltage output, the switches
should follow the switching condition discussed in section 11, i.e., both switches cannot

be OFF at the same time. The following analysis of the ideal TPI boost stages is under the
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assumption that the inductors and coupled inductors are selected such that they operate in
continuous conduction mode (CCM). The voltage derivations presented are based on
volt-sec balance of the inductors. The continuity of input currents when operating with

two sources and a single source are also discussed.

Proposed Family of High-Voltage-Gain
DC-DC Converters

Non-isolated Isolated
Converters Converters
I I
[ | [ |
; Using Coupled- Using Coupled Using
I TS Inductors Inductors Transformers
I I

[ | [ |

Two-winding Three-winding Two-winding Three-winding

Coupled Inductors Coupled Inductors Coupled Inductors Coupled Inductors

Fig. 3. Classification of proposed family of high-voltage-gain dc-dc converters

A. Non-isolated TPI Boost Stage

The non-isolated TP1 boost stage in the proposed family of converters is classified
into two types — one using inductors and the other using coupled inductors. The TPI boost
stage using coupled inductors is further classified based on the number of windings in the
coupled inductor. In this paper, only two-winding and three-winding coupled inductors
have been considered as increasing the number of windings increases the size and makes

the design more complicated.
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1) Non-isolated TPI boost stage using inductors
This is the most basic implementation of the TPI boost stage (see Fig. 4). This
stage outputs an MSW voltage at terminals A and B. For a two source TPI boost stage

shown in Fig. 4(b), the peak values of the MSW voltage can be calculated as follows. In

mode |, voltages Va, Vg, and Vag can be written as

V,=0,V, =0 1)
Vg =V, —V, =0 )
From (2), it can be seen that the voltage across terminals A and B during mode 1 is zero.
In mode 11, voltages Va, Vg, and Vy can be written as
V.
VI inl ’ V. =0 3
AT1d, " @)
Vin
Vy =V, —Vg = ﬁ 4)
In mode I11, voltages Va, Vg, and Vy can be written as
V.
V,=0,Vy=—"12
A ey (5)
Vin
Vy =V =V, :ﬁ (6)
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Fig. 4. Non-isolated TPI boost stage using inductors

For a single source TPI boost stage with both switches operating at switching duty

cycle d, voltage equations Vyx and Vy can be written as
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Vx :VY =0 (7)

The input current for this TPI boost stage is continuous in both the two source and single
source cases. As both switches are operating 180 degrees out of phase from each other,
the input current ripple in the single source case is even smaller. One can couple the
inductor based TPI boost stage to different VM stages to achieve higher voltage gains. In
such converters, the output voltage gain is mainly dependent on the gain of the VM stage
as the peak of the MSW voltage is limited by the duty cycle. Non-isolated TPI boost

stage using inductors has been used in converters proposed in [18, 21, 23, 32, 37].
2) Non-isolated TPI boost stage using two-winding coupled inductors

The MSW output voltage of the TPI boost stage using inductors is limited by the
duty cycle of the switches. One way to further enhance the voltage is by using coupled
inductors. A two-winding coupled inductor based TPI boost stage is shown in Fig. 5. For
a two source TPI boost stage shown in Fig. 5(b), the peak values of the MSW voltage can

be calculated as follows. In mode I, voltages Va, Vg, and Vag can be written as

N N
V,y=- i)\/in ) Vg = _(i}/in (8)
A ( N,, 1v VB N,, 2
N N
Vg =V, =V = (N_z)\/inz _(N_ji)\/inl 9)

In mode 11, voltages Va, Vg, and Vx can be written as

V. N \A N
V= 1 mcll + N21 (1 ma _VinlJ1 Vg = _(N_Zz)vinz (10)
! 11 Y1 12
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V., N, (V. N N
Vx :VA _VB = — 2 i = i + —2 in2 (11)
1- dl N11 1- d1 N11 N12

In mode I11, voltages Va, Vg, and Vy can be written as

N V. N V.
Vo= _(N_n}/inl, Ve = 1 mé + sz [1 mé _Vian (12)
11 ) 12 )

V. =V. -V, = Vin2 +N22 Vin2 _ N22 4 M g (13)
Y B A 1—d2 le 1—d2 le in2 Nll inl

In equations (8) to (13), Ni; and Ny; are the turns in the primary and secondary

windings of coupled inductor L, respectively. Also, Ni2 and N, represent the turns in
the primary and secondary windings of coupled inductor Ly, respectively. On a closer
observation, the sum of the last two terms in (11) and (13) is equal to voltage Vag in
mode-I shown in (9). If the coupled inductors turns ratio are selected such that voltage

Vg IS zero in mode-1, (11) and (13) can be further simplified as

V. V.
Vx — inl + N21 inl (14)
1-d, Nj\1-d,
V. V.
VY — in2 + N22 in2 (15)
1-d, Np,\1-d,

As the MSW voltage peaks are dependent on the coupled inductor turns-ratio, higher

peaks can be achieved using higher turns-ratio.
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Fig. 5. Non-isolated TPI boost stage using two-winding coupled inductors

For a single source TPl boost stage (shown in Fig. 5(a)) with both its switches

operating at duty cycle d, the MSW peak voltage equations can be simplified as
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Vin

V, =V, =(n +1)l_OI

(16)

where the turns ratio in the two-winding coupled inductors is assumed as follows.

n=_2-_—2 (17)

From (7) and (16), it can be observed that the two-winding coupled inductor TPI boost
stage provides an MSW voltage whose peak value is ‘n’ times more than the peak voltage
obtained using inductor based TPI boost stage. The additional boost in the voltage is
provided by the combination of secondary coils of both coupled inductors. Some high
voltage gain converters based on the above mentioned TPI boost stage have been
proposed in [38].

If two sources are used, the input currents drawn from the two sources are
discontinuous. However with a single source, continuous input current is drawn from the
source owing to the ripple cancellation due to the phase delay between the two switches.
A non-zero voltage Vag during mode-I appears as a dc bias on the MSW voltage. This dc
bias causes discontinuity in the input current of the TPI boost stage with a single source
making it unsuitable for renewable energy applications. Therefore, voltage Vag during
mode-I is desired to be zero. This can be achieved by selecting appropriate values of
turns-ratio for the coupled inductors. The input current can also be discontinuous in the

single source case if the output capacitor in the VM stage is connected to ground.
3) Non-isolated TPI boost stage using three-winding coupled inductors

In cases where the secondary coil of the coupled inductor is not sufficient to
achieve the voltage boost, one can add more windings to the coupled inductor. The

tertiary winding of the coupled inductor will be used just like the secondary winding and
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is shown in Figs. 6(a) and (b). For a two source TPI boost stage shown in Fig. 6(b), the
peak values of the MSW voltage can be calculated as follows. In mode I, voltages Va, Vs,

and Vag can be written as

N N N N
Vu= [i}iﬂ _(i}im’ Ve = (i)vinl _[i)vinz (18)
le Nll Nll NlZ

N., +N N.,+N
VAB :VA _VB = (%)Vinz _[%}/inl (19)
12 11

In mode I, voltages Va, Vg, and Vyx can be written as
Vp= Vi + Nas [ Vi Vi |+ Ne in2 (20)
1_d1 Ni, 1_d1 N,
Ve = _k[h _VinlJ - (M)Vinz (21)
N11 1_d1 N12

V., Ny, +N, |V, N,, +N N,, + N
Vx :VA _VB _ 1 31 21 1 31 21 L+ 32 22 - (22)
1_d1 N11 1_d1 N11 N12

In mode 111, voltages Va, Vg, and Vy can be written as
N,, ( V, N
ety ) (M, -
g N12 1_d2 i N11 '
V. = Vin2 + N22 Vin2 —V. + M i (24)
B 1—d2 le 1—d2 in2 Nll inl

V., =V. —V. = Vine n Ny +Npp | Viee [ Ny + Ny, oy N, +N,,; _ (25)
Y B A 1_ d2 le 1—d2 le in2 Nll inl

In equations (18) - (25), N11, N21, and N3; are the turns in the primary, secondary,

and tertiary windings of coupled inductor Ly, respectively. Also, N1z, N22, and Ng, are
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the turns in the primary, secondary, and tertiary windings of coupled inductor Lps,
respectively. On closer observation, the sum of the last two terms in (22) and (25) is
equal to Vag in mode-I1. If the coupled inductors turns ratio are selected such that voltage

Vg 1S zero in mode-1, (22) and (25) can be further simplified as

VX — Vinl + N31+ N21 Vinl (26)
1-d, N, J1-d,

= Vin2 + N32 + N22 Vin2 (27)
1-d, N, )i-d,

As the MSW voltage peaks are dependent on the coupled inductor turns-ratio, higher
peaks can be achieved using higher turns-ratio.
For a single source TPI boost stage (shown in Fig. 4.6 (a)) with both its switches

operating at duty cycle d, the MSW peak voltage equations can be simplified as

V.
n 28
1d (28)

V, =V, =(2n+1)
where the turns ratio in the three-winding coupled inductors is assumed as follows.

Ny _ Na, _ N, _ Na,
Ny, Ny N, Ny

n= (29)

From (28), it can be observed that the third-winding in the coupled inductor provides an
additional boost of ‘n’ times the peak voltage obtained in the inductor-based TPI boost
stage. High voltage gain converters based on the three-winding coupled inductor TPI

boost stage have been proposed in [15-17].
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Fig. 6. Non-isolated TPI boost stage using three-winding coupled inductors

The input currents for this TPl boost stage operating with two sources are
discontinuous. When a single source is used, the input current drawn is continuous. The

input current in the single source case can be discontinuous if voltage Vag during mode-I
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is non-zero. Therefore, it is desirable to have voltage Vag during mode-I to be zero. This

can be achieved by selecting appropriate values of turns-ratio for the coupled inductors.

B. Isolated TPI Boost Stage

Galvanic isolation can be achieved using the TPI boost stage. Based on the
components used to achieve isolation, the isolated TPI boost stage is further classified
into two types — one using coupled inductors and the other using transformers. In the
isolated TPI boost using coupled inductors, only two-winding and three-winding coupled

inductors have been considered.
1) Isolated TPI boost stage using two-winding coupled inductors

An isolated TPI boost stage using two-winding coupled inductor is shown in Fig.
7. In this stage, the secondary windings of the coupled inductors are connected such that
voltage Vag is an MSW voltage. For a two source TPI boost stage shown in Fig. 7(b), the

peak values of the MSW voltage can be calculated as follows. In mode I, voltage Vag can

N N
Vi = —2 in2 —2 in 30
AB [ lejv 2 ( Nll}v 1 ( )

Voltage Vag during mode-I is desired to be zero for similar reasons mentioned for the

be written as

non-isolated TPI boost stage with two winding and three winding coupled inductors. This
can be achieved by selecting appropriate values of turns-ratio for the coupled inductors.

In mode 11, voltage Vx can be written as

=t | (M M),
N11 1- d1 N11 le
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In mode 111, voltage Vy can be written as

VY _ NZZ[ Vin2 ]_(NZZ}/mZ +[ijin1 (32)
N12 1_d2 N12 N11

In (30) - (32), N11 and Ny; are the number of turns in the primary and secondary

windings of coupled inductor Ly, respectively. N1, and N, are the number of turns in the
primary and secondary windings of coupled inductor Ly, respectively. On a closer
observation, the sum of the last two terms in (31) and (32) is equal to Vag in mode-I. If
the turns ratio in coupled inductors are selected to make voltage Vag zero in mode-I, (31)

and (32) can be further simplified as

NZl Vinl
= 2| 33
x Nn(l—dl (33)
N V,
vV —_ 22 in2 34
Y Nlil—dz (34)

As the MSW voltage peaks are dependent on the coupled inductor turns-ratio, higher
peaks can be achieved using higher turns-ratios.
For a single source isolated TPI boost stage (shown in Fig. 7(a)) with both its

switches operating at duty cycle d, the MSW peak voltage equations can be simplified as

Vin
VX :VY = n(m) (35)

where the turns ratio in the two-winding coupled inductors is assumed as follows.

= =% (36)
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Converters using isolated TPl boost stage using two-winding coupled inductors have
been proposed in [24-26, 31, 34, 38]. The input currents for this TPI boost stage with two
sources are discontinuous. The input current is however continuous when a single source
is used. The input current in the single source case can be discontinuous if the voltage Vag

IS non zero in mode |. Therefore, it is desired to have voltage Vag to be zero in mode-I.

A

Nll N21

[ )
Lm;
[ )
* *
Lm, N2 N2,
Vin M
T Sl Sz B

a. Single source

A
°
Lm, N11 Nog
°
* *
Lm, N1 N2y
Vinl _. Sl VinZ Sz B

b. Two sources

Fig. 7. Isolated TPI boost stage using two-winding coupled inductors
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2) Isolated TPI boost stage using three-winding coupled inductors

An isolated TPI boost stage using three-winding coupled inductor is shown in Fig.
8. This stage is very similar to the isolated two-winding TPl boost stage. The main
difference is that the tertiary windings of the coupled inductors are also connected in a
manner similar to the secondary windings. Therefore, the output across terminals A’ and
B’ is also an MSW voltage (similar to voltage across terminals A and B of secondary
windings). The tertiary windings can be connected in series to the secondary windings
(connecting B to A’ or A to B’) to achieve higher MSW voltage peaks or used separately
in an interleaved manner.

For a two source isolated TPI boost stage shown in Fig. 8(b), the peak values of

the MSW voltage can be calculated as follows. In mode I, voltages Vg and V,5- can be

N N
V. =| -2V —| =2\ 37
AB [ le }/mZ ( Nll}/ml ( )
N N
Vag =| =2 in2 — 5t in 38
A'B (NMJV 2 [Nll)v 1 ( )

Voltages Vag and V45> during mode-1 are desired to be zero for same reasons specified in

written as

non-isolated coupled inductor based TPI boost stages. This can be achieved by selecting
appropriate values of turns-ratio for the coupled inductors. In mode Il, voltages Vx and

V- can be written as

- ) (M),
N11 1- d1 N11 N12
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= Yo ) (M),
N11 1_d1 N11 N12

In mode I11, voltages Vy and Vy- can be written as

N12 1_d2 N12 N11

VY':N32 Vin - NSZ)Vinz"' h)vim (42)
N12 1_d2 N12 N11

In (37) - (42), N11, N1, and N3; are the number of turns in the primary, secondary,

and tertiary windings of the coupled inductor L, respectively. N1z, N2, and N3, are the
number turns in the primary, secondary, and tertiary windings of the coupled inductor
Lmo, respectively. The sum of the last two terms in equations (39) and (40), (41) and (42)
are equal to Vag and V45 in mode-1, respectively. If the coupled inductors turns ratio are
selected to make voltages Vag and V45 zero in mode-1, (39) - (42) can be further

simplified as

VX :%( Vinl j, VX. :k( Vinl j (43)
N, \1-d, N, (1-d,

VY :& Vin2 , Vy- :h Vin2 (44)
N, (1-d, N,, | 1-d,
As the MSW voltage peaks are dependent on the coupled inductor turns-ratio, higher

peaks can be achieved using higher turns-ratio.
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Fig. 8. Isolated TPI boost stage using three-winding coupled inductors

For a single source isolated TPI boost stage (shown in Fig. 8(a)) with both its

switches operating at duty cycle d, the MSW peak voltage equations can be simplified as

V.
V, =V,. =V, =V,. =n —" 45
x = Vx y =Vy (1—d) (45)
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when the turns ratio in the three-winding coupled inductors is assumed as follows

n= Ny _ Na _ N, _ Na,
N, Ny N, Ny

(46)

Converters using isolated TPI boost stage using three-winding coupled inductors have
been implemented in [24, 27]. When two sources are used, the input currents drawn are
discontinuous with this TPl boost stage. However with a single source, it draws
continuous input current from the source. The input current in the single source case can
be discontinuous if the voltage Vag is non zero in mode I. Therefore, it is desired to have

voltage Vag to be zero in mode-I.
3) Isolated TPI boost stage using transformer

Another way to achieve isolation in the TPI boost stage is by using transformer
(see Fig. 9). It can be observed that a transformer is connected across terminals A and B
of the non-isolated TPI boost stage using inductors. This isolated TPI boost stage outputs
an MSW voltage at terminals A and B. For a two source TPI boost stage shown in Fig.
9(b), the peak values of the MSW voltage can be calculated as follows. In mode I,

voltage Vag can be written as
V=0 47

In mode 11, positive peak Vx of the MSW voltage can be written as

N, ([ V.
V., = 2 inl
*OON, (1— dlj (48)

In mode I11, negative peak Vy of the MSW voltage can be written as
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N, ( V,
V —_2 in2 4
= | @)

In (48) and (49), N; and N, are the primary and secondary turns in the transformer.

L, A Ly A
Y'Y Y\ —e Y'Y Y\ —

S e o an% 841% o o

N1:N, N1:N;
L, B L, B
YN L o nm L o

Vin _ S VnZ% SAZ%
a. Single source b. Two sources

Fig. 9. Isolated TPI boost stage using transformer

For a single source isolated TPI boost stage (shown in Fig. 9(a)) with both
switches operating at switching duty cycle d, voltage equations Vy and Vy can be written

as

\V
V, =V, = n(l In j (50)
where n is the turns ratio of transformer written as

n=—2 (51)
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Converters using isolated TPI boost stage using transformer have been proposed in [29,
39]. The input current for this TPI boost stage is continuous in both two source and single
source cases.

From the above analysis, it is seen that the six implementations of the TPI boost
stage are capable of generating an MSW voltage at their output terminals. For all the
above mentioned TPI boost stages, the voltage stress on switches S; and S; is calculated

as follows

VSl — inl ’ VSZ — in2 (52)

IV.VOLTAGE MULTIPLIER (VM) STAGE

The VM stage in the proposed family of converters could be either diode-
capacitor based or switched-capacitor based. Diode-capacitor based VM stage provides
unidirectional power flow while switched-capacitor based VM stage is capable of bi-
directional power flow. In this paper, we only use diode-capacitor based VM stage as the
sources considered are unidirectional. The input to the VM stage is an MSW voltage
(Vag) shown in Fig. 2. The VM stage rectifies the MSW voltage and boosts it to a high
voltage by charging and discharging its capacitors. Assuming that both positive and
negative peaks of the MSW voltage are equal, i.e., Vx=Vy=Vp msw, and the VM stage

gain of ‘Gym’, the output voltage can be written as

Vout = GVM XVpk_MSW (53)

If positive peak Vx and negative peak Vy of the MSW voltage are different from each

other, the voltage gain can only be calculated based on the operation of the VM stage.
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A few possible VM stages that can be used in the proposed family of converters
are discussed in this section. In some VM stages shown, an open ‘Out-’ terminal of the
output capacitor can either be connected to the ground (GND) or to terminal ‘B’. When
‘Out-" is connected to ‘B’, the output capacitor voltage is represented as Vcour. When
‘Out-’ terminal is connected to GND, the output capacitor voltage is represented as Vcout-
oND- VM stages with ‘Out-’ connected to ‘B’ can be used with all six TPl boost stages.
VM stages with ‘Out-’ connected to GND can only be used with non-isolated TPI boost

stages. Voltages Vcout-onp and Veoy: are related as follows

VCout—GND =VC0ut +VB (54)

where Vg is terminal ‘B’ voltage in mode-Il (either (3), (10), or (21)) of the TPI boost
stage used. In the following parts of this section, only Vcoy is calculated for VM stages
as Vcout-onp Can be calculated using (54).

A simple diode-capacitor VM cell is shown in Fig. 10(a). It forms the basic
building block for different diode-capacitor VM stages. Few simple VM stages are shown
in Figs. 10(b), (c), and (d). Fig. 10(b) shows a voltage doubler circuit. The negative peak
of the MSW voltage charges capacitor C; and the positive peak discharges it to charge

output capacitor C,t. The voltages of the VM stage capacitors are calculated as
Ver =V i Veou =V V5 (55)

Assuming that both the peaks of the MSW voltage are equal, voltage gain of the VM
stage will be equal to two (Gym = 2). Hence, it is called as a voltage doubler. Voltage
doubler based converters are proposed in [25, 26, 37]. Fig. 10(c) and (d) show voltage

tripler (Gym = 3) and quadrupler (Gym = 4) circuits, respectively. The voltage of the
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capacitors in voltage tripler and quadrupler circuits are given using (56) and (57)

respectively.
V(31 =Vx ;ch =Vx +VY ;VCOUt = 2Vx +VY (56)

Vc1 :VY ;ch :Vx +VY ;Vca = 2Vx +VY ;VCOUI = 2Vx +2VY (57)

° H—-l_ . A o> J_ e Out+
TC Dl Cout
® B TOut-

(a) Basic diode-capacitor VM cell (b) Voltage doubler

C, Dout Ci Cs Dout
i J_ eOut+ A o= —= out+
—l—cout Dy D, Ds Cout
. Il —l— .
Out Be = Out
Cz
(c) Voltage tripler (d) Voltage quadrupler

Fig. 10. Basic voltage multiplier stages

The Cockcroft-Walton (x8) voltage multiplier [40] is shown in Fig. 11. It is a
network of 8 basic diode-capacitor VM cells shown in Fig. 10(a). Higher output voltages
can be achieved by adding more diode-capacitor cells to the VM stage. The output
voltage is the voltage across capacitors C,, C4, Cg, and C8. The voltages of the VM stage

capacitors and the output voltage are calculated as
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V01 :Vx ;ch :Vcs =Vc4 :Vcs :Vce :Vc7 :VS =Vx +VY (58)

V,

cout = Voo +Ves Vs +Veg = 4(Vx +VY) (59)
A Cockcroft-Walton based converter has been proposed in [23]. Assuming that both the
peaks of the MSW voltage are equal, voltage gain of Cockcroft-Walton (x8) VM stage

will be equal to eight (Gym = 8).

.Y D.x D;¥ D.& D:¥ Ds&x DY Ds&

- L+ - L+ - L+ - L+
B o—| Il Il Il
Cl C3 C5 C7

Fig. 11. Cockcroft-Walton (x8) VM stage

A Dickson charge pump [40] based VM stage is shown in Fig. 12. The VM stage
shown has four diode-capacitor cells. The voltages of the VM stage capacitors and output

voltage can be calculated as

Vc1 :VY ;ch :Vx +VY ;Vcs :Vx +2VY ;Vc4 = 2Vx +2VY (60)
Voour =y +2V, (61)

If Vi = Vy, the voltage gain of the VM stage would be five times the MSW voltage peak,
i.e., Gym = 5. A Dickson charge pump based converter has been proposed in [21].

The voltage rating of the capacitors in Dickson charge pump VM stage are high as
they double every time a new VM cell is added. Therefore, the size of the VM stages will

increase as more VM cells are added downstream. A modified Dickon charge pump
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(shown in Fig. 13) on the other hand provides a high voltage gain while having low
voltage ratings for its capacitors. The capacitor voltages and the output voltages can be

calculated as

V V
Vc1 :Vc4 = ?X"'VY ;ch :Vca = ?X (62)
Veour = Vx +2Vy (63)

If Vx = Vy, the voltage gain of the VM stage would be four times the MSW voltage peak,

i.e., Gym = 4.

Cy

|
+ + +
D1 D’: J:_ .:Dg ’54J_+ND5 D::ut J_
C4 Cout

Be Cz—l—- —|—- —l—Out-

Fig. 12. Dickson charge pump based VM stage
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Cl [ Cout
T
B 1 T
o Out-

Fig. 13. Modified Dickson charge pump based VM stage
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Non-inverting and inverting VM stages [41] are shown in Fig. 14. As the names
suggest, the output voltages of the VM stages are non-inverting and inverting,
respectively. The non-inverting and inverting VM stage capacitor voltages and the output

voltage are calculated as

VCl—NI =VC2—NI :VY;V01—I :VCZ—I =Vx (64)

VCout—NI :Vx + 2VY ;Vc

out-1

=2V, +V, (65)
Both non-inverting and inverting VM cells lead to a similar converter when used in the

proposed family of converters. If Vx=Vy, the voltage gain of the VM stage would be three

times the MSW voltage peak, i.e., Gym = 3.

—e Out-

—e Qut+

e Out-

® QOut+

(b) Inverting

(a) Non-inverting

Fig. 14. Non-inverting and inverting VM stages

The VM stages mentioned above are just a few that could be used in the proposed
family of converters. Few other VM stages that can be used in the proposed family of

converters have been used in [18, 27, 42, 43]. With ‘N’ different VM stages available, the
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proposed generalized structure will lead to ‘6N’ different high-voltage-gain dc-dc

converters.

V. PRACTICAL CONVERTER CONSIDERATIONS

The generic structure of the proposed family of converters will lead to many
different converters capable of offering high voltage gains. All the analysis done in the
previous sections is true when the converters are considered to be ideal. When practical
converters are considered, there are a few effects that should be taken into account. The
two main possible effects that could be observed are the effect of non-zero voltage across
terminals A and B during mode-1 and the effect of leakage inductance in the coupled

inductors and transformers.

A. Vg During Mode-I

In non-isolated and isolated TPI boost stages using coupled inductors, voltage Vag
during mode-I can be non-zero. This non-zero voltage Vag during mode-I appears as a dc-
bias (either positive or negative) on the MSW voltage. This dc bias leads to discontinuous
input current in the single source case making the converters unsuitable for renewable
energy applications. Therefore, it is desired to have a zero voltage across terminals A and
B during mode-1. This can be achieved by proper selection of turn ratios on the coupled
inductors. In practical cases with mismatch in turns ratio, the discontinuity seen in the

input current is reasonably small.



101

B. Clamping Circuits for Reducing the Effect of Leakage Inductance

Ideally, coupled inductor based TPI boost stages operate as explained in section
[1l. But in practice, the coupled inductors have leakage inductances which are
approximately 1-2% of their magnetizing inductance. The leakage inductance has some
advantages and disadvantages. The energy stored in the leakage inductance introduces
high voltage spikes across the switches. This high voltage spike across switches can lead
to switch failure. So a clamp circuit is required to channel the energy stored in the
leakage inductor and prevent higher voltage stress across the switches. This clamp circuit
adds to the component count of the converter.

Apart from requiring a clamp circuit, the leakage inductance also has a negative
effect on the voltage gain of the converter. The voltage gain of the converter with leakage
inductance is observed to be lower than the ideal converter. The drop in voltage gain is
dependent on the clamping circuit used. However, the leakage inductance of the coupled
inductor has some positive effects. The leakage inductance alleviates the reverse recovery
of the diodes and thereby reduces the reverse recovery losses [15, 17, 28, 30]. Also, Zero
Voltage Switching (ZVS) is possible due to the use of active clamping circuits [15, 17,
28, 30]. This helps in reducing the switching losses in the MOSFETs and thereby
allowing the use of higher switching frequencies.

Practical non-isolated coupled inductor based TPl boost stages using simple
diode-capacitor clamping circuit are shown in Figs. 15 and 16. Few active clamping
solutions for non-isolated TPI boost stages have been used in [15, 17]. Similarly, in the
isolated coupled inductor based TPI boost stages, the leakage of the coupled inductor

leads to similar effects in the converter. There are many clamping circuits that can
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resolve the leakage inductance issues [24-28, 39] in isolated topologies. In most cases,
the input current drawn from the source using these clamping circuits was observed to
have large ripple. A clamping circuit capable of resolving leakage inductance issues

while providing a smaller input current ripple [30] has been shown in Fig. 17.

LIk, Nig N2;
* — ° A
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Lm;, Dclampl
S1
N12 N22
Llk: * — * B
Y'Y\
Lm,

_NYY\_m Pt ®
Dclampz l
Vin ? Sz I Cclamp

Fig. 15. Two winding coupled inductor based TP1 boost with clamp circuit
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Fig. 16. Three winding coupled inductor based TPI boost with clamp circuit
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Fig. 17. Isolated coupled inductor based TPI boost stage with active clamp circuit

VI. EXAMPLE CONVERTER

This section uses the theory proposed in the earlier sections of the paper to build a
high-voltage-gain dc-dc converter. For building an example converter, a TPI boost stage
(Fig. 4(a)) and a VM stage (Fig. 14(a)) are selected from the possible solutions discussed
in sections Il and IV. This converter uses a single source non-isolated TPI boost stage
with inductors with its switches S; and S, operating at same duty cycle ‘d’. The MSW
output voltage of the TPI boost stage would have equal peak voltages that can be
calculated using (7). Using a non-inverting VM stage and the selected TPI boost stage,

the example converter obtained is shown in Fig. 18.
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Cout = Vout [] R

Fig. 18. Non-isolated high voltage gain converter using non-inverting VM stage

The output voltage of the converter can be derived as follows.

Vin
Vpk,AMSW :Vx =VY = 1-d (66)
Vin
VCOUt = 2Vx +VY = 3Vpk,Arvlsw =3 1—d (67)

According to (67), the proposed converter offers an output voltage of 396V when
operating with a 33V input source at a duty cycle of 75%. The peak of the MSW voltage
is calculated as 132V. A hardware prototype of the example converter shown in Fig. 18
has been built for the specifications in Table-l. The switching frequency used was 100
kHz and the components used are listed in Table-l. The inductors are selected to operate

in CCM.
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Parameter Value Component Value Part No.
ETD-49 A250 core
Input VVoltage 33V | Inductors L; and L, 95 uH 21 turns
Output Voltage | 396 V MOSFET 150V, 43 A IPAO75N15N3G
Switching 100 Diode 600V, 15 A MURF1560G
Frequency fsy kHz
Load 800 : EPCOS
Resistance | Ohms | ¥M capacitors 22 uF B32796E2226K
Output Power | 200 W | Output Capacitor 15 pF C4ATGBWS5150A3LJ

The experimental waveforms obtained are shown in Figs. 19(a) and (b). The

output voltage is observed to be 396V and it conforms to the output voltage calculated

using (67). The MSW peak voltages are 132V. The experimental efficiency observed at

200W of output power is 94.05%. The inductor currents and the input current are all

continuous. Switching signals of switches S; and S, are seen to be at 75% duty cycle and

180° apart from each other. This example converter verifies that the generalized structure

is useful in building high voltage gain dc-dc converters. Single source converters built

using the generalized structure offer continuous input current which is desirable in

renewable energy applications.
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Fig. 19. Waveforms of the example converter operating at 200W
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VIL. CONCLUSION

In this paper, a family of high-voltage-gain dc-dc converters based on a generic
structure has been introduced. The generic structure is a two stage configuration — a TPI
boost stage on the input side and a VM stage on the output side. Different possibilities for
the TPI boost stage are analyzed and discussed in detail. All the analysis has been carried
out for a two source case with switches operating at different duty cycles. Later, they
have been analyzed for a single source with both switches operating at a same duty cycle.
Owing to the ripple cancellation, all the TPI boost stages offer continuous input current
with smaller ripple when operating using a single source. A few possible VM stages are
discussed and their voltage gains have been derived. Two main practical converter
considerations have been discussed. An example converter has been built using the
generalized structure and analyzed. A hardware prototype of the example converter was
developed to verify the analysis. The proposed family of converters built using the
generalized structure offer high voltage gain and continuous input current when operating
using a single source. These converters are most appealing in applications involving

integration of renewable energy sources into 400V dc systems.
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SECTION

2.CONCLUSION

High-voltage-gain dc-dc power electronic converters have been gaining
popularity for the integration of renewable energy sources into 400V dc systems. In this
dissertation, two new dc-dc converter topologies that offer high-voltage-gain have been
presented. The first topology is based on a two-phase interleaved boost stage and a
modified Dickson charge pump voltage multiplier circuit. Higher output voltage is
obtained by charging and discharging the VM stage capacitors. Having two phase boost
on the input side, this converter can be powered using two sources or a single source in
an interleaved manner. It is also capable of drawing continuous input current in both
cases. The voltage stress on the semiconductor devices is relatively low compared to the
higher output voltage. The major contribution of this topology is the low voltage rating of
its VM stage capacitors which greatly helps in reducing both size and cost of the
converter. The modes of operation for this converter have been explained and the output
voltage has been derived. The current and voltage stress on its components have been
derived and supported with simulation results. Also a hardware prototype was developed
to verify the converter operation, voltage gain, and component stresses.

The second topology is constructed using a two phase interleaved boost stage and
a non-inverting diode-capacitor voltage multiplier. This converter offers high voltage
gain while having a simple structure with low component count. The voltage of gain of

this converter is slightly lower compared to the first converter. But, similar to the first
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converter, this converter can be powered using two sources or a single source in an
interleaved manner. Also, continuous input current is drawn from the sources in both
cases. The voltage stress on semiconductors is relatively low compared to the output
voltage. The voltage gain and modes of operation of the converter have been discussed.
Also, the different component stresses have been derived and supported with simulation
results. Finally, a hardware prototype was developed to verify the converter operation and
voltage gain. The boundary conditions between the CCM, PDCM, and DCM operation of
the converter have been discussed and also verified using simulation results.

Both the topologies proposed offer high voltage gain, continuous input current,
multi-input capability, and low voltage stress on the semiconductors making them
appealing for applications involving integration of renewable energy sources. On a closer
observation, it is seen that the two topologies introduced have a common structure in
their construction. They both have an interleaved TPI boost stage on the input side and a
VM stage on the output side. Based on this generalized structure, a family of high-
voltage-gain dc-dc converters is introduced. Also, the switching scheme required for
generating the intermediate voltage is discussed. The proposed family of converters is
classified into non-isolated and isolated converters based on the TPl boost stage. The
different possible TPI boost stages and their output voltages are derived. A few possible
VM stages have been discussed and their voltage gains have been calculated. Two
practical converter considerations have also been discussed. Finally, an example
converter was built using the generalized structure. It output voltage was estimated using
the derived equations and verified through hardware implementation. The proposed

family of converters offers high voltage gain, continuous input current in the single
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source case, and low voltage stress on switches making them suitable for integration of
renewable energy sources on 400V dc bus systems.

Future work involves average and small signal studies for the proposed converters
for designing closed loop converters. Also, control strategies implementing MPPT and
power sharing are to be explored for two source converters. The bidirectional capability
of the proposed converters can be studied for the integration of energy storage devices by
using switched-capacitor voltage multiplier circuits and proper switching schemes. More
work has to be done to improve the efficiency of the converters with better design and

PCB layouts.
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